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Hybrid Thermo-Electrochemical In Situ Instrumentation for 
Lithium-Ion Energy Storage 
Tazdin Amietszajew,*[a] Joe Fleming,[a] Alexander J. Roberts,[a] Widanalage D. Widanage,[b] 
David Greenwood,[b] Matt D. R. Kok,[c] Martin Pham,[c] Dan J. L. Brett,[c] Paul R. Shearing,[c] and 
Rohit Bhagat[a] 
Current “state-of-the-art” monitoring and control techniques for cells during manufacture and are used to create thermal maps 
lithium-ion cells rely on full-cell potential measurement and in parallel with anode and cathode electrochemical data. The 
occasional surface temperature measurements. However, Li-ion sensor array can be adapted to a range of cell formats and 
cells are complex multi-layer devices and as such these chemistries and installed into commercial or other industrially 
techniques have poor resolution, limiting applicability. In this relevant cells, incorporating enhanced thermal and electro-
work we develop hybrid thermo-electrochemical sensing arrays chemical diagnostic capability into a standard cell build. 
placed within the cell. The arrays are integrated into A5 pouch 
1. Introduction 
Lithium-ion cells are seeing increased utilisation in portable 
electronics,[1] electric vehicles[2] and grid storage.[3] This is due 
to a number of advantages over alternative technologies, such 
as high energy and power density, low self-discharge, high 
output voltage and limited memory effects.[4–8] However, the 
market expectations and consumer demands go further 
requiring better performance. For example, improving perform-
ance of lithium batteries in electric vehicles (which utilise many 
high energy cells) might result in reducing weight, reduced 
charging times or improving range. Such cells can also suffer 
from Joule heating from internal resistances[9] resulting in 
excessive heat generation. Therefore, thermal management is 
key to preventing rapid aging or catastrophic failures via 
thermal runaway.[10] Furthermore, high internal cell resistances 
can lead to increased overpotential when charging the cells, 
which can drive the anode and cathode potentials outside of 
their respective safe operating windows. This in turn can result 
in electrolyte decomposition[11,12] on the cathode or lithium 
metal plating on the anode, which may grow in the form of 
dendrites and eventually pierce the separator causing an 
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internal short circuit.[13] Here we mitigate these challenges 
through use of thermal and electrochemical sensor arrays 
placed directly into the cells. 
Although some attempts were made in this direction, in 
previous literature the studies fail to address the impact of the 
sensors on the stability of the electrochemical system. In-situ 
application of thermocouples has been explored[14–22] – how-
ever such systems are limited to measuring relative temper-
ature changes and thus require a cold junction and analogue 
conditioning circuits to compensate for their poor sensitivity. 
Reference electrode incorporation was also attempted,[23–30] 
however the methodologies developed were not representa-
tive of real-world applications as significant post-production 
modification[29] or even permanent opening of the cell[24] was 
required, significantly altering the electrochemical system 
under evaluation.[11] 
Previously we have successfully deployed fibre optics 
technology[31] and flexible substrate thermistors[32] to monitor 
the cell’s internal temperature, as well as standalone reference 
electrodes.[33] Using these sensors fast-charging was investi-
gated and a five-fold reduction in commercial cell charging 
times was achieved.[34] The integration techniques were also 
proven to have no observable effect on the cells long-term 
performance. In this paper we present a further advancement 
in the Li-ion cells sensing technology, enabling high-precision 
distributed in-operando monitoring of Li-ion cells. 
In this work we make a significant improvement to the 
current state-of-the-art technology by presenting a hybrid 
thermo-electrochemical sensor that is integrated into a pouch 
cell, capable of providing real-time distributed thermal maps 
and per-electrode potentials. The sensing points are distributed 
on a substrate of microns thickness, together with an 
incorporated reference electrode all terminating in a single 
standard connector. This minimises the modification to the 
cell’s geometry while enabling a wide range of monitoring 
capabilities. The methodology developed here was evaluated 
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Articles 
for commercial manufacture using an industrially representa-
tive pouch cell scale-up line, proving its industrial viability. 
Access to internal cell thermodynamics data is of significant 
importance to industry, especially in large scale applications, 
such as electric vehicles. This is due to safety and performance 
needs such as charge balancing and faulty module detection. 
The state of a battery is characterised via metrics such as State-
of-Charge (SoC) and State-of-Health (SoH), however until now, 
no technology for direct measuring of the SoC or SoH of 
commercial lithium-ion batteries has been available. The 
electrode potentials, rather than the full-cell potential, as well 
as internal cell temperature profiles is what is required as a 
feedback signal to control the charging current and enforce 
efficient power limitations on the battery. Doing so will result 
in prolongation of the cells lifespan, e.g. by preventing lithium 
plating and promote highly optimised fast charging algorithms. 
Measurement of individual electrode potentials and internal 
temperature distribution also presents a compelling opportu-
nity for electrochemical and thermal models development. 
Prevailing challenges of established electrochemical models, 
such as the P2D model, are related to the model parameter-
isation for performance and degradation prediction.[35] The 
availability of the electrode potentials can facilitate quantifying 
both the thermodynamic and kinetic (solid phase diffusion) 
properties of the positive and negative electrodes while in a 
full cell format. This work subsequently mitigates the present 
need of preparing separate half-cell or three electrode coin 
cells to determine the Open Circuit Voltage or apparent 
diffusion coefficients of the electrodes. Such preparation 
activities, so far unavoidable in an effort to determine electro-
chemical properties, can often lead to parameters variation due 
to the change in cell format and scale or the differing operating 
conditions for the electrode materials in half-cells. Instru-
mented full cells will yield far more representative values of the 
model parameters expected in the final application. 
The sensing technology described in this article can be 
readily applied to a range of cell formats and chemistries, 
offering a real-time view of the internal cell thermodynamics, 
assisting modelling, power mapping and monitoring under 
real-life use scenarios. This allows for detailed assessment of 
real thermal and electrochemical cell performance and safety 
limitations, without altering its functionality. Our approach, 
which enables the monitoring of the true battery state, paves 
the way for a deeper understanding of the Li-ion cells internal 
processes, permitting improvements in the existing battery 
technology as well as facilitating future innovation in cells 
design and battery systems management. 
Experimental Section 
Temperature and Reference Electrode Sensor Assembly 
Sensor fabrication was made using standard flexible printed circuit 
boards manufacturing technology, using a 25 μm flexible Kapton© 
substrate – a material already present in most Li-ion cells and 
compatible with the harsh cell chemical environment. Distributed 
thermal sensing was made available by using low-profile (0.2 × 
0.3 mm) raw Surface Mount Device (SMD) Negative Temperature 
Coefficient (NTC) thermistors. Such devices show high precision, 
near linear beta curve, temperature range of   20°C to 120°C[36] and 
wide availability enhancing its commercial applicability. The 
selected thermistor elements were arranged in 6 locations on the 
substrate. 
To enable simultaneous electrochemical measurements, an addi-
tional 2 mm diameter copper pad was located on the substrate. 
Most importantly, the reference electrode element of the sensor 
assembly is completed in-situ – after the cell formation a minimal 
amount of lithium was transferred from the cell onto the 
aforementioned copper pad by applying external current. The 
amount of lithium used constitutes less than 0.01 % of the overall 
cell capacity, a result of the reference pad miniaturisation, and 
therefore has negligible impact on the cell performance. This novel 
approach minimised the disturbance of the sensor insertion step 
on the cell assembly procedure and completely eliminated the 
issue of handling active lithium metal in a production environment. 
The resulting sensor allows for parallel thermal and electrochemical 
monitoring, using a single flat cable connector. 
To ensure the long-term stability of the assembly, a 1 μm 
conformal coating of Parylene was deposited on the sensors prior 
to embedding into the pouch cells. Parylene is a polymer with 
excellent mechanical and chemical stability, commonly used for its 
barrier properties and a highly conformal coating. Its barrier 
properties are known and used by other researchers.[37,38] To avoid 
coating of live elements – connectors, copper pads – a layer of 
masking tape was applied in relevant places before the coating 
procedure. The complete sensor assembly is shown in Figure 1. 
Instrumented Cells Production 
The cells considered in this study are Li-ion 1 Ah rated capacity 
pouch cells with Nickel-Cobalt-Aluminium (NCA) cathodes and 
graphite anodes. The smart-cells were built following standard 
industrial production procedures to evaluate real-world feasibility 
of our sensor embedding methodology. The complete procedure 
was performed using a pilot production line facility, located in a 
dry room with a dew-point of   45 °C to mirror an industrial 
setting. 
To enable the instrumented cell capabilities, sensor assemblies 
were embedded by inserting the sensor matrix into the dry 
pouches immediately before electrolyte filling. The cells were then 
injected with commercial electrolyte mix (EC:EMC 3 : 7-1 % VC, 
soulbrain MI®), vacuum-sealed and left to soak for 24 h at ambient 
temperature. Once the assembly process was complete, cells were 
subjected to a formation procedure.[39] This first cycle activates the 
cell materials and leads to the Solid-Electrolyte-Interface (SEI) 
evolution, critical for long term stability of the electrodes. This is 
usually performed at a low C-rate – here at C/20, although it varies 
with cell manufacturers and cell designs. Figure 1 outlines the 
instrumented-cells’ build procedure. 
Tomography 
Cell internal structure was assessed post sensor implementation 
using X-ray Computed Tomography (X-ray CT). An instrumented 
pouch cell was imaged under compression using a Nikon XT H 225 
instrument (Nikon Metrology, Tring, UK) operating with a source 
voltage of 175 kV at 130 μA, utilizing a 100 μm copper filter. A total 
of 2799 projections of 1 s exposure were obtained, recorded 
through 360 degrees. The X-ray transmission images were 
reconstructed using a proprietary reconstruction algorithm (CT Pro 
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Figure 1. Smart cell assembly procedure. Sensors (a) are fitted (b) and embedded (c) in-line during the cell (d) production, enabling thermodynamic data 
collection (e). Flexible sensor assembly is fitted before the electrolyte injection and vacuum-sealed afterwards. The embedding procedure was found to align 
harmoniously with cell production, and caused no damage to the sensor (f). 
Figure 2. Instrumented cell reconstructed X-ray CT image. Half of the sensor 
assembly is shown, fitting accurately in the middle of the electrode stack. No
damage to the electrodes or the sensor was observed. 
 
3D, Nikon Metrology). The final reconstructed volume had a voxel 
size of 43.8 μm. The resulting image is shown in Figure 2. 
Cell Cycling and Data Collection 
To evaluate the instrumented-cells behaviour during a typical 
operation, standard test cycles consisting of constant-current (CC) 
followed by constant-voltage (CV) charge and constant-current 
(CC) discharge were performed. Cells were cycled between 2.5 V 
(0 % SoC) and 4.2 V (100 % SoC) with a VMP3 multi-channel 
potentiostat (Bio-Logic Science Instruments®) using a maximum 
current of 400 mA. Advanced abusive case studies were also 
evaluated – a short-circuit event as well as overcharge cases at 
different current rates were investigated, showing the wide 
applicability of the sensors developed. 
For interrogating the thermistor elements a 14-bit analogue to 
digital converter PicoLog (Pico®) was used. Reference electrode 
readings were collected using the aforementioned multi-channel 
potentiostat. All cell cycling was conducted in an environmental 
chamber maintaining an ambient temperature of 25 °C. 
2. Results and Discussion 
There are three aspects to the results obtained in this work. 
First, we analyse the feasibility of embedding functional sensors 
arrays into Li-ion pouch cells. Secondly follows analysis of the 
in-operando thermal and electrochemical data obtained via the 
embedded sensors. Finally, the advancement possibilities in 
battery modelling enabled by our cell instrumentation technol-
ogy is discussed. 
2.1. Instrumented Cells Development 
A key aspect determining the usability of any type of in-situ 
sensors for energy storage is that they do not impact the 
system under evaluation, nor are affected by it in a detrimental 
way. It was found that the applied Parylene layer was a 
sufficient protection enabling stable readings throughout the 
cycling and testing conducted. The coating provided a pinhole-
free conformal layer capable of preventing corrosion without 
creating thermal barriers, ensuring bilateral chemical neutrality. 
Long-term stability of embedded assemblies was evaluated in 
our previous work.[32] 
Sensor alignment and its mechanical impact on an 
instrumented pouch cell has been analysed using X  CT 
imaging, as shown in Figure 2. The sensor array was success-
fully placed in equidistance to the edges of the cell – the 
central placement of the sensing assembly guarantees repre-
sentative temperature values are obtained, key for detecting 
thermal non-uniformities and hot-spots. Un-obstructed ionic 
contact with the reference electrode, secured by its fixed 
position on the sensor substrate and central assembly place-
ment, allows for proper functioning of this element. Finally, no 
Wiley VCH Donnerstag, 26.09.2019
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mechanical damage to the electrode stack was observed, 
further confirmed by proper functioning of the instrumented 
cells. 
The reference electrode element provides a secondary, 
electrochemical sensing capability to the assembly enabling 
anode and cathode potential monitoring. The usually invasive 
nature of reference electrode insertion[30] often risks damaging 
the cell or changing its performance characteristics. Herein we 
minimised the impact by implanting the reference electrode 
onto an existing sensor matrix, removing the need for a 
separate element to be inserted into the cell. The reference 
electrode terminal was also integrated into the single con-
nector alongside thermistors, further reducing the complexity 
of the system. 
The reference electrode was completed in-situ by deposit-
ing lithium post integration of the sensing assembly into the 
pouch cell. This methodology guarantees no foreign metal 
contamination[40] and simplifies sensor handling and implemen-
tation significantly. Figure 3 shows the reference electrode 
activation and the anode and cathode electrode potential 
readings enabled as a result. Of notable improvement over the 
currently used technology[24,33,41–44] is that no metallic lithium 
has to be handled outside of the cell, significantly enhancing 
the commercial feasibility of the solution proposed. 
As can be seen in Figure 3, an insignificant amount of 
lithium, equal to 0.01 % of the overall cell capacity, was 
required for this process. The technological advancement 
offered by our solution also lies in minimising the complexity 
of the assembly by utilising the existing substrate with 
thermistors array for the added electrochemical functionality. 
This mitigates the implementation intricacy of a multi-compo-
nent sensing array and the subsequent impact it would have 
on instrumented cells. This combined thermo-electrochemical 
monitoring capability can be used for the evaluation of the cell 
and to enhance the quality of parameters derived for cell 
modelling aspect, as discussed in the next section. 
2.2. Thermal Cell Monitoring via Embedded Sensors 
Surface plots in Figure 4 show the internal temperature 
distribution readings obtained with the embedded thermistors. 
The data collected is interpolated to create comprehensive 
thermal maps – the colour of each plot segment is established 
by interpolating the colourmap index value across the plot 
surface. Resulting are figures enabling instant analysis and easy 
hot-spot detection. 
The temperature readings and the resulting thermal maps, 
shown in Figure 4, can detect minute heterogeneities in 
temperature distribution. Such phenomena can be observed 
even at comparatively[34,45] low cycling rate of 400 mA (C/2.5) 
using a single cell. Complete discharge-charge cycle is 
displayed in Video 1, where it can be observed that most heat 
is generated towards the end of the discharge phase rather 
than during charge, after which the cell quickly recovers. This 
can vary widely depending on the cell chemistry, geometry and 
cycling profiles.[46] 
To prevent overheat and catastrophic events,[10] the 
commonly agreed safe temperature limit for the widely 
available Li-ion cells is set at approximately 60 °C.[47–49] However, 
Figure 3. Activation of the reference electrode. Low current was passed over 30 min (a) resulting in a charge of 900 μAh (b). This subsequently activated the 
reference electrode, enabling stable per-electrode potential monitoring (c). This approach has negligible impact on the overall cell capacity while removing 
the challenge of handling metallic lithium outside of the cell during assembly, significantly enhancing the real-life industrial applicability. 
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Figure 4. Internal thermal maps obtained from the embedded sensors, respectively, showing a) rest phase and b) end of discharge. Cells were cycled at a rate 
of C/2.5, yet even at such low C-rate a temperature gradient is identifiable with the in-situ sensors. Corresponding cycling profile points are indicated with 
black bars on the voltage curves underneath each panel. Real-time representation of the charge-discharge cycles with the thermal and voltage responses 
mapped is available as Video 1 in the Supporting Information. 
not all of the cell has to reach a runaway temperature to cause 
a chain reaction – localised heat zones, potentially leading to 
thermal runaways, have to be eliminated and continuously 
monitored to ensure the safety and longevity of the device in 
use. This is especially pronounced in high performance 
systems[10,31,50] and currently dictates extensive testing[46,51–53] 
before battery deployment. The proposed distributed thermal 
monitoring solution offers an easily applicable, high-sensitivity 
and low-impact alternative that can be used across the design, 
optimisation and real-life use stages. This is a significant 
improvement over the currently used technology, where 
thermal sensors are only attached to the accessible surface of a 
selected sample of cells within the module or pack,[22] which 
within a battery module can lead to failure to identify hot-spots 
and temperature variations.[51] This added capability has the 
potential to support the Battery Management System in 
addressing the performance[19,33,34,54] and safety concerns.[55] 
2.3. Electrochemical Cell Monitoring via Embedded Sensors 
Cell voltage profiles for both anode and cathode (relative to 
lithium) as well as standard full-cell voltage readings are shown 
in Figure 5. Monitoring of these parameters was performed 
Figure 5. Anode, cathode and full cell potential profiles of a smart-cell fitted with hybrid sensors. Panel a) represents 200 mA (C/5) cycling rate and panel b) is 
double that at 400 mA. It can be instantly seen that the anode and cathode responses differ when a higher current is applied to the cell, resulting in more 
pronounced voltage peaks. The reference electrode element was subsequently monitored over the course of 2 weeks, providing stable readings as shown 
in (c). 
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using the same sensor assembly used for thermal mapping. 
The tests were conducted over several days, the results 
showing the reference electrode provide stable and repeatable 
readings. 
The stability of the readings obtained confirms the 
functionality of the reference electrode element. It is evident 
that the flat reference electrode miniature pad achieves 
sufficient ionic contact with the rest of the cell, while at the 
same time it is not adding to the extent of the cell modification 
and minimises the risk of internal short circuiting otherwise 
present when introducing additional wires. This is a significant 
advancement over the previously reported cell instrumentation 
methodology.[30,33,56] Most importantly, the proposed solution of 
simultaneously enabling both thermal and electrochemical 
sensing capabilities has been successfully integrated into a 
standard full-cell pouch manufacturing process. 
Together with the in-situ thermal monitoring, tracing of the 
per-electrode parameters – enabled by the co-implemented 
reference electrode – is key to understanding the operational 
limitations of Li-ion cells. Continuous monitoring of the anode 
and cathode potentials alongside distributed thermal profiling 
allows us to closely observe and avoid exceeding stability 
limits,[34,56–59] subsequently enabling power mapping and 
increasing the safety of the system in real-life applications. 
Specifically – cell health monitoring algorithms,[60,61] usually 
developed based on a total cell voltage, can now be adapted 
and applied to the individual electrode potentials. Doing so 
can reduce the degradation of cells by avoiding lithium plating, 
reduce SEI growth rate[62] and promote significantly optimised 
rapid charging algorithms[34] – the advances and impact on 
battery modelling and control algorithm development will be 
the focus of our studies following this paper. 
Internal thermal maps obtained via the embedded sensors, 
respectively a) rest phase and b) end of discharge. Cells were 
cycled at a rate of C/2.5, yet even at such low C-rate a 
temperature gradient is identifiable with the in-situ sensors. 
Internal thermal maps obtained via the embedded sensors, 
respectively a) rest phase and b) end of discharge. Cells were 
cycled at a rate of C/2.5, yet even at such low C-rate a 
temperature gradient is identifiable with the in-situ sensors. 
3. Conclusions 
The objective of this study was to develop a widely applicable 
sensing methodology enabling significantly improved insight 
into the internal Li-ion cell thermodynamics, capable of 
assisting power mapping and in operando thermodynamic 
monitoring. The method proposed herein allows detailed 
assessment of real-time thermal and electrochemical cell 
performance and safety limitations, without altering its func-
tionality. This offers significant benefits over the industry 
standard of monitoring cell performance using thermocouple 
sensors attached to the skin and a full-cell voltage and from 
those inferring core parameters. This work shows how 
implementing distributed flexible thermo-electrochemical in-
situ sensors is an enhanced method for performance character-
isation and verification of Li-ion cells’ state. 
Most importantly, as the manufacturing of current-gener-
ation lithium-reference electrodes requires highly specialised 
equipment, specialist training, know-how and knowledge – this 
cannot be readily industrialised. Here, reference electrodes are 
implemented onto the same substrate as thermal sensors and 
are completed whilst inside the cell, using minuscule amounts 
of lithium from the cells’ electrochemical system. This mitigates 
the need for handling highly reactive alkali metals and 
complicating the cell assembly process, while enabling the 
highly beneficial reference electrode capability. 
Due to the flexibility of the sensing elements layout, these 
sensors can be developed to fit multiple cell types of various 
dimensions, offering wide compatibility. The concept was 
validated by successful assembly of the instrumented cells in a 
pilot line battery production facility, enabling the in-operando 
thermal and electrochemical sensing capabilities in a classic 
pouch cell format. This demonstrated the manufacturing 
feasibility of the proposed solution in a semi-industrial setting. 
Subsequent X  CT analysis confirmed the electrode stack was 
left intact by the centrally-aligned sensor array, allowing for 
proper functioning of the cells. 
High fidelity thermal data obtained with instrumented cells 
can be used to produce thermal maps, offering visual indication 
of heat-zones and enhancing our understanding of the cell 
heat-generation characteristics. This, together with the electro-
chemical measurements represents a vital source of informa-
tion, critical to refining the State-of-Charge and State-of-Health 
metrics. SoC and SoH algorithms, so far developed based on a 
total cell voltage, can now be adapted and applied to the 
individual electrode potentials. Thereby SoC and SoH can be 
resolved attributed to the separate electrode, offering sub-cell 
resolution of the charge and aging parameters. 
Refinement of these metrics to cell components will 
consequently result in a unique opportunity to devise 
advanced Battery Management System algorithms in future 
BMS releases, as well as aid in new cells design and validation. 
The advances and impact on battery modelling and control 
algorithm development will be the next round of studies 
following this paper. In summary, the hybrid thermo-electro-
chemical in-situ sensing methodology proposed here has the 
potential to drive innovation in both performance and opera-
tional safety mapping, as well as thermodynamic modelling 
and management of the energy storage systems. 
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Good sense: A widely applicable 
sensing method to enable signifi-
cantly improved insight into the 
internal thermodynamics of lithium 
ion cells was developed. The 
technique, employing hybrid 
thermo-electrochemical sensing 
arrays placed within Li-ion cells, 
allows detailed assessment of real-
time thermal and electrochemical 
cell performance and safety limita-
tions, without altering functionality. 
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